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Abstract
We consider an anomaly-free U(1)′ model with favorable couplings to heavy flavors
in the Standard Model(SM), as motivated by B-meson anomalies at LHCb. Taking
the U(1)′ charge to be Q′ = y(Lµ − Lτ ) + x(B3 − L3), we can explain the B-meson
anomalies without invoking extra charged fermions or flavor violation beyond the SM.
We show that there is a viable parameter space with a small x that is compatible
with other meson decays, tau lepton and neutrino experiments as well as the LHC
dimuon searches. We briefly discuss the prospects of discovering the Z ′ gauge boson
at the LHC in the proposed model.
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1 Introduction
Anomalies in rare semi-leptonic decays of B-meson have been recently reported in the
observables such as RK [1], RK∗ [2], P
′
5 [3], etc. In particular, there is a 2.6σ discrepancy
from the SM in RK = B(B → Kµ+µ−)/B(B → Ke+e−) [1], as follows,
RK = 0.745
+0.097
−0.082, 1 GeV
2 < q2 < 6 GeV2, (1)
and there are 2.1−2.3σ and 2.4−2.5σ discrepancies in the decay mode with vector meson,
RK∗ = B(B → K∗µ+µ−)/B(B → K∗e+e−) [2], as follows,
RK∗ = 0.66
+0.11
−0.07(stat)± 0.03(syst), 0.045 GeV2 < q2 < 1.1 GeV2,
RK∗ = 0.69
+0.11
−0.07(stat)± 0.05(syst), 1.1 GeV2 < q2 < 6.0 GeV2. (2)
As the SM predictions for RK or RK∗ are almost unity, if confirmed, the above anoma-
lies would be a hint at new physics for lepton non-universal interactions [4–7], such as
flavor-dependent Z ′ [8–16] and its non-abelian extensions [17], leptoquarks [9,18,19], light
mediators [20], extra charged fermions [21], etc. On the other hand, we may need more
caution in interpreting the anomalies in the angular distributions of B-meson decays such
as P ′5, because it is prone to hadronic power corrections [22].
In this article, we consider a minimal extension of the Standard Model (SM) with
extra U(1)′ gauge symmetry as a linear combination of U(1)Lµ−Lτ and U(1)B3−L3 . In this
model, we need only two right-handed neutrinos to cancel the gauge anomalies but it is also
necessary to include one more right-handed neutrino with zero U(1)′ charge for neutrino
masses and mixings. Furthermore, we extend the Higgs sector by including extra Higgs
doublet and three complex singlet scalars and obtain the predictive patterns of quark and
lepton mass matrices that are consistent with experimental data. There are similar minimal
U(1)′ models for explaining the B-meson anomalies and neutrino mass generation where
there are three right-handed neutrinos, extra Higgs doublet and scalar singlet(s) beyond
the SM [12,14].
In the proposed model, U(1)Lµ−Lτ violates lepton universality such that Z
′ decays
favorably into muons. Moreover, U(1)B3−L3 gives rise to b to s flavor changing interaction
for Z ′ in combination with the CKM mixing in the SM, but without a need of new flavor
violation. Therefore, we can accommodate the observed ratios of RK and RK∗ easily,
avoiding other experimental constraints. Imposing the bounds from the Bs − B¯s mixing
and the dimuon Z ′ searches at the LHC, we need to choose the mixing with U(1)B3−L3
in U(1)′ to be small enough. Then, we show that there is a viable parameter space for
explaining the B-meson anomalies, being consistent with bounds from other meson decays,
tau lepton, neutrino experiments and electroweak precision data as well as LHC dimuon
searches. We also discuss how the model is constrained by existing experiments and it will
be tested with upcoming data from the LHC.
Given that there are similar U(1)′ models in the literature, we compare them to our
model and point out the main differences. In particular, the mixings between Lµ−Lτ and
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other anomaly-free symmetries have been discussed. For instance, a mixing between Lµ−Lτ
and B1 + B2 − 2B3 [12] or B3 − L1 [13] was proposed to explain the B-meson anomalies
in a similar way, but the resulting flavor structure in the lepton sector can be different. A
similar model based on U(1)B3−L3 as ours has been proposed [15] but the Z
′ coupling to
muon is induced by the flavor mixing of the lepton sector in this case 1. Furthermore, there
are general discussions on anomaly-free combinations of flavor-dependent U(1)′ symmetries
with lepton and baryon numbers without introducing extra chiral fermions [16], but there
is no phenomenological discussion on our model up to now.
The paper is organized as follows. We first introduce the model with extra U(1)′ and
construct the Lagrangian of the model. Then we constrain the parameter space to explain
the B-meson anomalies in our model and discuss the bounds from Bs − B¯s mixing, other
meson decays, (g−2)µ, tau decays, neutrino trident production, electroweak precision data
as well as the LHC dimuon searches. Finally, conclusions are drawn.
2 The Model
Interesting candidates for anomaly-free U(1)′ symmetries beyond the Standard Model are
U(1)Le−Lµ , U(1)Lµ−Lτ and U(1)Lτ−Le , with no extra fermions, and U(1)B−L with three
right-handed neutrinos. The U(1)Lµ−Lτ symmetry violates lepton universality as required
by B-meson anomalies at the LHCb, but it couples only to leptons. On the other hand,
U(1)B−L is anomaly-free in each generation of quarks and leptons and well motivated by
gauge coupling unification such as SO(10) GUT. But, U(1)B−L couples to both electron
and muon equally and it is highly constrained by dijet or dilepton bounds at the LHC. So,
the new b to s transition induced by the SM-like loop processes with U(1)B−L is too small
to explain the B-meson anomalies for gB−L ∼ gY . Instead, we can define U(1)Bi−Li with
i = 1, 2, 3 per generation, each of which is anomaly-free with one right-handed neutrino.
The generation-dependent U(1)B−L could be realized in a UV theory with enhanced
gauge symmetries that are broken down into a generation-dependent U(1)Bi−Li at low
energy. For instance, in a gauged U(1) clockwork theory for U(1)B−L where there are
multiple copies of independent U(1)B−L gauge bosons, the localization of zero mode of
the gauged U(1)B−L could explain the generation-dependent B − L charges as well as the
fractional B − L charges depending on the localization of third generation fermions [23].
In this case, the extra massive U(1)B−L gauge bosons have a mass gap such that there is
no sizable impact on the low-energy phenomenology in the decoupling limit.
Taking into account dijet or dilepton bounds at the LHC for explainingB-meson anoma-
lies with Z ′, we consider a minimal extension of the SM with U(1)′, that is coupled specif-
ically to heavy flavors and is a linear combination of U(1)Lµ−Lτ and U(1)B3−L3 , as follows,
Q′ ≡ y(Lµ − Lτ ) + x(B3 − L3)
1See also Ref. [24] for the phenomenology of a light Z ′ of mass below multi-GeV scale.
2
with x, y being real parameters parametrizing the mixing between Lµ − Lτ and B3 − L3.
Here, we note that B3 − L3 is defined for the third generation including one right-handed
neutrino and Lµ − Lτ are extended to the other two right-handed neutrinos which carry
lepton numbers. As Lµ and Lτ numbers are assigned to right-handed neutrinos, we get
essentially Lµ = L2 and Lτ = L3, but we keep Lµ − Lτ notations instead of L2 − L3, as
motivated by the already known anomaly-free U(1)′ symmetries.
As will be discussed in the later section, due to the LHC dimuon constraint on the
model, a small value of x is favored phenomenologically. There are similar U(1)′ models
based U(1)Lµ−Lτ [10] or U(1)B3−L3 [15] in the literature where extra heavy quarks or lepton
mixings are required to explain the B-meson anomalies in the former or latter cases. On
the other hand, in our case, we assume that both U(1)Lµ−Lτ and U(1)B3−L3 are good
symmetries at high energy and only the linear combination of them survives at low energy.
Therefore, our setup is qualitatively different from those based on either U(1)Lµ−Lτ or
U(1)B3−L3 . As will be discussed shortly, this fact becomes manifest in the flavor structure
for fermion masses and mixings which require one additional Higgs doublet and extra scalar
singlets beyond the SM. In our model, small B3 − L3 couplings proportional to x might
be justified when the third generation fermions get charges under U(1)′ through a small
gauge kinetic mixing between Lµ − Lτ and B3 − L3. Another origin for small B3 − L3
couplings in our model might be a mismatch between the localization of the B − L gauge
boson and the localization of the third generation fermions in the aforementioned gauged
U(1) clockwork theory [23].
Suppose that we consider a more general combination for U(1)′, including anomaly-free
symmetries, B1−L1 and B2−L2. Then, the flavor structure for quarks and leptons become
more restricted such that we need to introduce more Higgs doublets and complex singlet
scalars for realistic quark and lepton masses and mixings. Furthermore, the LHC dilepton
bounds constrain the mixing with B1 − L1 and B2 − L2 more strongly than the one with
B3 − L3, due to a larger production cross section of Z ′ via light quarks. Henceforth, we
ignore the potential mixing with other generation-dependent B − L symmetries.
In our model, we introduce two Higgs doublets H1, H2 and one singlet complex scalars
S for spontaneously breaking the electroweak symmetry as well as U(1)′, and two right-
handed(RH) neutrinos νiR (i = 2, 3) for just cancelling the anomalies. Moreover, we also
add one more right-handed neutrino ν1R with zero U(1)
′ charge for neutrino masses. In
order to obtain the consistent neutrino masses and neutrino mixings, we also need to add
extra singlet scalars, Φa(a = 1, 2, 3), with U(1)
′ charges −y, x + y, x, respectively. The
U(1)′ charge assignments are given in Table 1.
Then, the Lagrangian of our model is the following,
L = −1
4
Z ′µνZ
′µν + LS + LY (3)
with
LS = |DµH1|2 + |DµH2|2 + |DµS|2 − V (H1, H2, S) + LΦ (4)
3
q3L u3R d3R l2L e2R ν2R l3L e3R ν3R
Q′ 13x
1
3x
1
3x y y y −x− y −x− y −x− y
S H1 H2 Φ1 Φ2 Φ3
Q′ −13x 0 13x −y x+ y x
Table 1: Nonzero U(1)′ charges.
where the field strength of the U(1)′ gauge boson is Z ′µν = ∂µZ
′
ν − ∂νZ ′µ, the covariant
derivatives are Dµφi = (∂µ − igZ′Q′φiZ ′µ)φi with φi = H1, H2, S, Q′φi being U(1)′ charge of
φi, and gZ′ being the extra gauge coupling, and the scalar potential is given by
V (H1, H2, S) = µ
2
1|H1|2 + µ22|H2|2 − (µSH†1H2 + h.c.)
+λ1|H1|4 + λ2|H2|4 + 2λ3|H1|2|H2|2 + 2λ4(H†1H2)(H†2H1)
+2|S|2(κ1|H1|2 + κ2|H2|2) +m2S|S|2 + λS|S|4. (5)
Here, LΦ is the scalar Lagrangian due to extra singlet scalars Φa(a = 1, 2, 3) for lepton
flavors, containing the interaction terms between H1, H2 and S. Moreover, the Yukawa
couplings for quarks and leptons are given by
−LY = q¯i(yuijH1 + huijH2)uj + q¯i(ydijH˜1 + hdijH˜2)dj
+ylij l¯iH˜1ej + y
ν
ij l¯iH1νjR + (νiR)
c(Mij + Φaz
(a)
ij )νjR + h.c. (6)
with H˜1,2 ≡ iσ2H∗1,2. A gauge kinetic mixing between U(1)y(Lµ−Lτ )+x(B3−L3) and SM hyper-
charge gauge bosons is also allowed but we assume that it is negligible for our discussion.
Our model has a rich structure in the Higgs sector which extends the two Higgs doublet
models with extra complex singlet scalars. As the second Higgs doublet H2 is charged under
the local U(1)′ symmetry, the Higgs potential has a restricted form. We note that the Higgs
bilinear term is forbidden by U(1)′ but it is necessary to get a nonzero pseudo-scalar Higgs
mass to be compatible with experiments. Thus, we introduced a complex singlet scalar
S with nonzero U(1)′ charge. The details of the scalar sector and its phenomenology
will be studied elsewhere so we just assume in this work that a correct vacuum with
both electroweak symmetry and U(1)′ broken exists. After electroweak symmetry and
U(1)′ are broken spontaneously, the Z ′ mass is determined to be m2Z′ = 2g
2
Z′Q
′2
H2
〈H2〉2 +
2g2Z′Q
′2
S 〈S〉2 + 2
∑3
a=1Q
′2
Φa
〈Φa〉2. Thus, as 〈Φa〉 determines RH neutrino masses, we can
take 〈Φa〉  〈H2〉, 〈S〉 such that the Z ′ mass is larger than weak scale.
We note that when the second Higgs doublet H2 gets a VEV, it gives rise to a mass
mixing between Z and Z ′ gauge bosons, which is constrained by electroweak precision data
as will be discussed in Section 4.5. Henceforth, we assume that the VEV of the second
Higgs doublet is small enough such that our model is consistent with electroweak precision
data.
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As a result, the SM fermion mass matrices in our model are given by the following,
LY = −u¯Muu− d¯Mdd− l¯Mll − l¯MDνR − (νR)cMRνR + h.c. (7)
with the flavor structure being
Mu =
 yu11〈H1〉 yu12〈H1〉 0yu21〈H1〉 yu22〈H1〉 0
hu31〈H2〉 hu32〈H2〉 yu33〈H1〉
 , (8)
Md =
 yd11〈H˜1〉 yd12〈H˜1〉 hd13〈H˜2〉yd21〈H˜1〉 yd22〈H˜1〉 hd23〈H˜2〉
0 0 yd33〈H˜1〉
 , (9)
Ml =
 yl11〈H˜1〉 0 00 yl22〈H˜1〉 0
0 0 yl33〈H˜1〉
 , (10)
MD =
 yν11〈H1〉 0 00 yν22〈H1〉 0
0 0 yν33〈H1〉
 , (11)
MR =
 M11 z
(1)
12 〈Φ1〉 z(2)13 〈Φ2〉
z
(1)
21 〈Φ1〉 0 z(3)23 〈Φ3〉
z
(2)
31 〈Φ2〉 z(3)32 〈Φ3〉 0
 . (12)
Then, we find that the flavor structure is very much restricted due to flavor-dependent
U(1)′ charges, in particular, the RH neutrino matrix vanishes except the (11) entry. But,
we can generate realistic neutrino masses and mixing after three singlet complex scalars
with nonzero U(1)′ charges, Φa(a = 1, 2, 3), get nonzero VEVs. Indeed, it has been shown
that the above fermion matrices give rise to realistic quark and lepton masses and mixings
[12,13,25]. There are four other categories of neutrino mixing matrices, B1,B2,B3,B4 [25],
that are compatible with neutrino data in our model. In all those cases, we need at least
three complex scalar fields with different U(1)′ charges, similarly to the case with (12).
It would be interesting to discuss how to distinguish other categories of neutrino mixing
matrices in the context of our model.
3 B-meson decays
We are now in a position to show how to explain the B-meson anomalies in our model and
identify the relevant parameter space for that.
The Lagrangian for Z ′ interactions is given by
LZ′ = gZ′Z ′µ
(1
3
x t¯γµt+
1
3
x b¯γµb+ yµ¯γµµ+ y ν¯µγ
µPLνµ − (x+ y) τ¯ γµτ
−(x+ y) ν¯τγµPLντ + y ν¯2RγµPRν2R − (x+ y) ν¯3RγµPRν3R
)
. (13)
5
Figure 1: Feynman diagrams for b¯→ s¯µ+µ− and dimuon production from Z ′ via bb¯ fusion
at the LHC.
Now we change the basis into the one with mass eigenstates by dL = DLd
′
L and uL = ULu
′
L
such that VCKM = U
†
LDL. Taking UL = 1 and DL = VCKM, (which is the case for h
u
ij = 0),
but no flavor mixing in the charged lepton sector in our model [4, 12, 13], the above Z ′
interactions become
LZ′ = gZ′Z ′µ
(1
3
x t¯′γµt′ +
1
3
x d¯′iγ
µΓdLij PLd
′
j +
1
3
x b¯′γµPRb′
+yµ¯γµµ− (x+ y) τ¯ γµτ + y ν¯µγµPLνµ − (x+ y) ν¯τγµPLντ
+y ν¯2Rγ
µPRν2R − (x+ y) ν¯3RγµPRν3R
)
(14)
with
ΓdL ≡ V †CKM
 0 0 00 0 0
0 0 1
VCKM
=
 |Vtd|2 V ∗tdVts V ∗tdVtbV ∗tsVtd |Vts|2 V ∗tsVtb
V ∗tbVtd V
∗
tbVts |Vtb|2
 . (15)
From the relevant Z ′ interactions for B-meson anomalies and the Z ′ mass,
L′Z′ = gZ′Z ′µ
(1
3
xV ∗tsVtb s¯γ
µPLb+ h.c.+ yµ¯γ
µµ
)
+
1
2
m2Z′Z
′2
µ , (16)
we get the classical equation of motion for Z ′ as
Z ′µ = −
gZ′
m2Z′
(1
3
xV ∗tsVtb s¯γµPLb+ h.c.+ yµ¯γµµ
)
. (17)
Then, after inserting eq. (17) into eq. (16), namely, integrating out the Z ′ gauge boson, we
obtain the effective four-fermion interaction for b¯→ s¯µ+µ−, depicted in Fig. 1, as follows,
Leff,b¯→s¯µ+µ− = −
xyg2Z′
3m2Z′
V ∗tsVtb (s¯γ
µPLb)(µ¯γµµ) + h.c. (18)
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In Fig. 1, we also showed one of main production channels for Z ′ due to bb¯ fusion at the
LHC. Consequently, as compared to the effective Hamiltonian with the SM normalization,
∆Heff,b¯→s¯µ+µ− = −
4GF√
2
V ∗tsVtb
αem
4pi
Cµ,NP9 Oµ9 (19)
with Oµ9 ≡ (s¯γµPLb)(µ¯γµµ) and αem being the electromagnetic coupling, we obtain a new
physics contribution to the Wilson coefficient as follows,
Cµ,NP9 = −
8xypi2αZ′
3αem
( v
mZ′
)2
(20)
with αZ′ ≡ g2Z′/(4pi), and vanishing contributions for other operators [26], Cµ,NP10 = C ′µ,NP9 =
C ′µ,NP10 = 0. We note that xy > 0 is chosen for a negative sign of C
µ
9 , being consistent with
B-meson anomalies. Therefore, requiring the best-fit value, Cµ,NP9 = −1.10 [4], (while
taking [−1.27,−0.92] and [−1.43,−0.74] within 1σ and 2σ errors), to explain the B-meson
anomalies, we need
mZ′ =
(
xy
αZ′
αem
)1/2
1.2 TeV. (21)
Therefore, we need the Z ′ mass of about 1 TeV for xy ∼ 1 and αZ′ ∼ αem. However, the
Z ′ mass can be smaller for values of xy less than unity or αZ′ . αem. In next section, we
will discuss other phenomenological constraints on these parameters.
4 Constraints on the model
In this section, we consider the constraints on the model from other meson decays such
as Bs − B¯s mixing, anomalous magnetic moment of muon, tau decays, neutrino trident
production, electroweak precision test, and dimuon resonance searches at the LHC.
4.1 Other meson processes
Our model predicts a new contribution to the effective four-fermion interactions for other
meson decays and meson mixings.
First, the most stringent constraints stem from the B0i − B¯0i mixings with i = s, d that
receive new contributions due to Z ′ interactions as follows,
Leff,B0i−B¯0i = −
g2Z′
2m2Z′
(1
3
xV ∗tiVtb
)2
(d¯iγ
µPLb)(d¯iγµPLb). (22)
As a result, we get a correction to the effective Hamiltonian with the SM normalization,
as follows,
∆Heff,B0i−B¯0i =
G2Fm
2
W
16pi2
(V ∗tiVtb)
2Ci,NPV LL (d¯iγ
µPLb)(d¯iγµPLb) (23)
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with
Ci,NPV LL =
16pi2x2
9
g2Z′v
4
m2Z′m
2
W
= 0.39
( x
0.06
)2
g2Z′
(300 GeV
mZ′
)2
. (24)
Then, the mass difference in the Bs system is given by
∆Mi =
2
3
mBif
2
Bi
BˆBi
G2Fm
2
W
16pi2
(V ∗tiVtb)
2
(
Ci,SMV LL + C
i,NP
V LL
)
. (25)
For instance, Cs,SMV LL ' 4.95 [27]. Experimental and SM values of ∆Ms are given by
(∆Ms)
SM = (17.4 ± 2.6) ps−1 [27] and (∆Ms)exp = (17.757 ± 0.021) ps−1 [28], respec-
tively. Therefore, the new physics contribution for B0s − B¯0s mixing is constrained by
Cs,NPV LL . 0.15(0.30)× Cs,SMV LL ' 0.74(1.48) within 1σ(2σ) errors of the SM value. Moreover,
the B0d − B¯0d or K0 − K¯0 mixings are similarly modified by the Z ′ interactions, but they
constrain the model less than in the case of B0s − B¯0s mixing due to larger experimental
and theoretical errors [12].
In our model, we can choose a small value of x (i.e. small Z ′ couplings to quarks) to
satisfy the dimuon bounds from the LHC as will be discussed in next section. Then, in
view of the Wilson coefficient given in eq. (24), the bounds from the B0s − B¯0s , B0d − B¯0d as
well as K0− K¯0 mixings are easily satisfied in all the parameter space where the B-meson
anomalies and the LHC dimuon bound are accommodated. In Fig. 4, in the parameter
space for mZ′ and gZ′x with gZ′y = 1, 1.5, the red region is excluded by the bound from
the B0s − B¯0s within 1σ of the SM errors, but it is already well constrained by the other
bounds.
We also note that for minimal flavor violation scenario as in our model, the new con-
tribution in Cµ9 for B-meson decays has a correlation with those for rare kaon decays,
modifying the decay rate of kaon, B(K+ → pi+νν¯), but the effect in K+ → pi+νν¯ is small
as compared to experimental uncertainties [29]. On the other hand, there is no bound on
Z ′ interactions due to Bs,d → µ+µ− or KL → µ+µ− in our model [32], as the Z ′ couplings
to muons are vector-like. However, those rare decay modes could constrain flavor-changing
interactions of heavy Higgs bosons in our model, although they can be evaded for a small
VEV of the second Higgs doublet [32].
Finally, we also comment on inclusive radiative decays such as B → Xsγ that could
give rise to important constraints on flavor-violating interactions from new physics. The
effective Hamiltonian relevant for b→ sγ transition is
Heff,b→sγ = −4GF√
2
VtbV
∗
ts
(
C7O7 + C8O8
)
(26)
with
O7 = e
16pi2
mb s¯σ
µνPRb Fµν , (27)
8
O8 = gS
16pi2
mb s¯σ
µνPRT
abGaµν . (28)
Then, the Z ′ contributions to the Wilson coefficients [33] are given by
CBSM7 = −
1
324
x2g2Z′v
2
m2Z′
= −1
3
CBSM8 . (29)
The NNLO SM prediction for B(B → Xsγ) [34] is
B(B → Xsγ) = (3.36± 0.23)× 10−4 (30)
whereas the experimentally measured value of B(B → Xsγ) from HFAG [35] is
B(B → Xsγ) = (3.43± 0.21± 0.07)× 10−4. (31)
As a result, the SM prediction for B → Xsγ is consistent with experiments, so we obtain
the bounds on the modified Wilson coefficients as |CBSM7 /CSM7 | . 0.08(0.15) at 1σ(2σ) level.
Consequently, from eq. (29), we get the bound on Z ′ mass in our model as mZ′/(xgZ′) &
81(59) GeV, which is well satisfied in the parameter space where we can explain the B-
meson anomalies.
4.2 Anomalous magnetic moments of muon
Interactions of Z ′ gauge boson to leptons lead to corrections to the anomalous magnetic
moments of leptons as follows [30],
aZ
′
l =
Q′2l αZ′
2pi
F
(mZ′
ml
)
(32)
where Q′l is the U(1)
′ charge of lepton l and the loop function is given by
F (x) ≡
∫ 1
0
dz
2z(1− z)2
(1− z)2 + x2z . (33)
For mZ′  ml, the anomalous magnetic moment becomes
aZ
′
l ≈
Q′2l αZ′
3pi
m2l
m2Z′
. (34)
Therefore, the anomalous magnetic moment of muon becomes
aZ
′
µ ≈ 151× 10−11
(ygZ′
2
)2(500 GeV
mZ′
)2
(35)
The deviation of the anomalous magnetic moment of muon between experiment and SM
values is given [31,36] by
∆aµ = a
exp
µ − aSMµ = 288(80)× 10−11, (36)
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which is a 3.6σ discrepancy from the SM [31].
As shown in Fig. 3, with a small x (i.e. small Z ′ couplings to quarks), there is a viable
parameter space of mZ′ and gZ′ , explaining the B-meson anomalies as well as (g − 2)µ
within 2σ simultaneously, but the (g − 2)µ region is not consistent with bounds from tau
decays and neutrino trident production, as will be discussed in next subsection.
4.3 Tau decays
One-loop box diagram containing the Z ′ gauge boson in our model leads to corrections to
tau decay processes. Thus, the decay rate for τ → µντ ν¯µ is encoded in the following ratio
of branching ratios of tau decay [10],
BR(τ → µντ ν¯µ)
BR(τ → µντ ν¯µ)SM = 1 + ∆ (37)
with
∆ =
3y(x+ y)g2Z′
4pi2
log(m2W/m
2
Z′)
1−m2Z′/m2W
. (38)
The PDG value [31] for BR(τ → µντ ν¯µ) reads
BR(τ → µντ ν¯µ)exp = (17.39± 0.04)%, (39)
while the SM prediction for the branching ratio with the tau lifetime, ττ = (290.29±0.53)×
10−15 s, taken into account [10], is
BR(τ → µντ ν¯µ)SM = (17.29± 0.03)%. (40)
Therefore, there is an excess with more than 2σ in BR(τ → µντ ν¯µ) but we can use the
above result to constrain ∆ as
∆ = (5.8± 3.0)× 10−3. (41)
4.4 Neutrino trident production
In the presence of a heavy Z ′, there appears a leptonic 4-fermion operator of type,
Leff,νµ→νµµµ¯ = −
y2g2Z′
m2Z′
(µ¯γµµ)(ν¯µγµPLνµ). (42)
Then, the above effective operator modifies the total cross section of neutrino trident
production, νµ +N → νµ +N + µµ¯, as follows [10,37],
σ
σSM
' 1 + (1 + 4s
2
W + 2y
2g2Z′v
2/m2Z′)
2
1 + (1 + 4s2W )
2
. (43)
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Combining the SM predictions with the measured cross sections of neutrino trident pro-
duction from CHARM-II [38], CCFR [39] and NuTeV [40] (later update [41]) and taking
the weighted average [10], we get
σexp
σSM
= 0.83(0.95)± 0.18(0.25). (44)
As a consequence, we get the constraint on Z ′ at the 2σ level as follows,
mZ′
ygZ′
> 820(554) GeV. (45)
4.5 Electroweak precision data
In this section, we comment how electroweak precision tests our model. Since the second
Higgs H2 carries a nonzero B3 − L3 charge in our model, the VEV of the second Higgs
doublet is constrained by electroweak precision data, due to the mass mixing between Z
and Z ′ gauge bosons at tree level. In our model, the Z-boson mass gets modified to
m2Z =
1
2
[
m2Z,0 +m
2
Z′ −
√
(m2Z′ −m2Z,0)2 + s−2W c−2W e2g2Z′Q′2H2v42
]
(46)
where sW ≡ sin θW , cW ≡ cos θW , m2Z,0 ≡ 14(g2 + g2Y )v2 with v =
√
v21 + v
2
2 = 246 GeV,
v1,2 ≡
√
2〈H1,2〉, and m2Z′ is the squared Z ′ mass, obtained from the VEVs of scalar fields
with nonzero U(1)′ in our model. Moreover, the mixing angle between Z and Z ′ gauge
bosons is given by
tan(2ζ) = −s
−1
W c
−1
W egZ′Q
′
H2
v22
m2Z′ −m2Z
. (47)
Thus, the resulting correction to the ρ parameter in our model is given by
∆ρ =
m2W
m2Z cos
2 θW
− 1
∼ 10−4
( x
0.1
)2
g2Z′
(
v2
v/2
)4(
200 GeV
mZ′
)2
. (48)
The PDG value reads ∆ρ = (3.7 ± 2.3) × 10−4 [31], so our model is consistent with
electroweak precision test, as far as the VEV of the second Higgs and/or the mixing with
B3 − L3 in U(1)′ are small enough and/or Z ′ is heavy enough 2. As the VEV of the
second Higgs doublet is model-dependent, namely, it depends on whether hd13 and h
d
23 in
the down-type Yukawa matrix, are small or not, we postpone the detailed discussion on
phenomenology in the Higgs sector to a future work.
2We would like to thank Yuji Omura for pointing out this point.
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Figure 2: Upper left: Contours of BR(Z ′ → µµ¯) in the parameter space of gZ′x vs gZ′y.
Rest: Branching ratios of Z ′ decay rates. We have taken x/y = 1, 0.1, 10 clockwise.
4.6 Dimuon resonance searches at the LHC
Suppose that right-handed neutrinos, extra Higgs and singlet scalars are heavier than Z ′.
Then, Z ′ decays into SM particles only, namely, tt¯, bb¯, µµ¯, τ τ¯ , and νµ,τ ν¯µ,τ , while the
decay modes into bs¯, s¯b or other down-type quarks are suppressed by CKM mixings. But,
if right-handed neutrinos or extra scalars can be light enough, there can be other Z ′ decay
modes, leading to potentially interesting signatures for Z ′ searches.
The partial decay rates of Z ′ are given as follows,
Γ(Z ′ → tt¯, bb¯) = x
2g2Z′
36pi
mZ′
(
1 +
2m2t,b
m2Z′
)√
1− 4m
2
t,b
m2Z′
, (49)
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Γ(Z ′ → µµ¯) = y
2g2Z′
12pi
mZ′
(
1 +
2m2µ
m2Z′
)√
1− 4m
2
µ
m2Z′
, (50)
Γ(Z ′ → τ τ¯) = (x+ y)
2g2Z′
12pi
mZ′
(
1 +
2m2τ
m2Z′
)√
1− 4m
2
τ
m2Z′
, (51)
Γ(Z ′ → νµν¯µ) = y
2g2Z′
24pi
mZ′ , (52)
Γ(Z ′ → ντ ν¯τ ) = (x+ y)
2g2Z′
24pi
mZ′ (53)
where we ignored the masses for light fermions. Then, in the limit of heavy Z ′, the decay
branching fractions are BR(tt¯, bb¯) : BR(µµ¯) : BR(τ τ¯) : BR(νµν¯µ + ντ ν¯τ ) = 2x
2 : 6y2 :
6(x + y)2 : 3(y2 + (x + y)2). Thus, for x  y, Z ′ decays mostly into µµ¯, τ τ¯ , νµν¯µ, ντ ν¯τ
with BR(µµ¯, τ τ¯) : BR(νµν¯µ + ντ ν¯τ ) ∼ 1 : 1, as in U(1)Lµ−Lτ models. In the upper left
plot of Fig. 2, BR(Z ′ → µµ¯) is shown in the parameter space of gZ′x vs gZ′y. As x gets
larger(smaller) than y, the branching fraction of dimuon channel becomes smaller (larger).
In the rest plots of Fig. 2, we also show the branching ratios for all the allowed decay
modes depending on the ratio x/y. For all values of x/y, the τ τ¯ mode is dominant. For
x . y, the µµ¯ mode is sizable up to about 30% while bb¯, tt¯ modes are sub-dominant. But,
for x y, the bb¯, tt¯ modes are sizable while the µµ¯ mode is negligible about 0.5%.
Now we turn to the discussion on the Z ′ production channels and the LHC dimuon
constraints on our model. To investigate the LHC constraints on the dimuon decay modes
of Z ′, we used the most recent results coming from ATLAS [42], while there are dimuon
searches from CMS with similarly strong bounds too [43]. For the calculation of the
production cross section, we used MadGraph5 aMC@NLO [44] with the model file being
implemented in FeynRules 2.0 [45]. Here we adopted the PDF set of NN23LO1 but did not
take into account the K-factor. There are three dominant channels for Z ′ production at
the LHC: pp→ Z ′ through the bb¯ fusion as shown in the right Feynman diagram in Fig. 1
(while bs¯ fusion is sub-dominant), pp → Z ′j, and pp → Z ′jj. The contribution of the
subdominant channel, pp → Z ′tt¯, is around O(10−2) of those three channels, and the top
quark box diagram contributions for pp → Z ′Z(g) are negligible too. The rough ratios of
Z ′ production cross sections are σ(bb¯→ Z ′) : σ(gg → Z ′g) : σ(gg → Z ′Z) ∼ 100 : 1 : 10−2.
The production rate of Z ′ is characterized by gZ′ and the parameter x parametrizing the
(B3−L3) charge while BR(Z ′ → µµ¯) is determined by the ratio of (Lµ−Lτ ) and (B3−L3)
charges, as shown in the upper left plot of Fig. 2.
In Fig. 3, for mZ′ = 500, 700 GeV as benchmark points, we showed the region excluded
by the ATLAS bounds (in gray) in the parameter space of gZ′x vs gZ′y, and depicted
the regions favored by B-meson anomalies (in green) and (g − 2)µ (in orange). We find
that (g − 2)µ could not be simultaneously accommodated with B-meson anomalies, due
to the bounds from τ decays and neutrino trident production. The LHC dimuon searches
constrain the parameter space to the region with a sizable x.
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Figure 3: Combined plots in the parameter space for gZ′x vs gZ′y. The regions favored
by B-meson anomalies and (g − 2)µ at 2σ are shown in green and orange, respectively,
and the region excluded by dimuon Z ′ searches is shown in gray. The regions above
purple dashed and brown dot-dashed lines are excluded by τ → µν¯µντ and neutrino trident
production, respectively. We have taken mZ′ = 500(700) GeV on left (right). Contours for
σ(pp→ Z ′)× BR(Z ′ → µµ¯) = 1, 5, 10(1, 5, 10, 20, 30) fb are also shown on left (right).
In Fig. 4, varying Z ′ mass and gZ′x for a fixed value, gZ′y = 1 (left) or gZ′y = 1.5
(right), we showed the interplay between the LHC bounds and (g − 2)µ to impose a tight
constraint on the parameter space that is compatible with B-meson anomalies. Similarly
as in Fig. 3, the Z ′ masses consistent with (g − 2)µ are excluded by the bounds from τ
decays and neutrino trident production. The LHC bounds constrain the parameter space
to the region with a sizable x, almost the same for the two cases, as in Fig. 3, due to the
fact that BR(Z ′ → µ+µ−) ∼ 30% for x y. The constraints on the mixing parameter of
B3−L3 can be relaxed slightly when one takes into account the acceptance and efficiency of
detector [45]. We may explore further the remaining parameter space explaining B-meson
anomalies, by more data from dimuon resonance searches at the LHC. We can also test our
model further from other decay mode such as τ τ¯ and νµ,τ ν¯µ,τ , the latter of which induces
the invisible Z ′ decay accompanied by jet(s).
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Figure 4: Combined plot in the parameter space for mZ′ vs gZ′x. The regions favored by
B-meson anomalies and (g−2)µ at 2σ are shown in green and orange, respectively, and the
region excluded by dimuon Z ′ searches is shown in gray. The regions excluded by τ → µν¯µντ
and neutrino trident production are shown in purple and brown, respectively. The red
regions are also excluded by Bs − B¯s mixing within 1σ for the SM errors. We have taken
gZ′y = 1(1.5) on left (right). Contours for σ(pp → Z ′) × BR(Z ′ → µ+µ−) = 1, 2, 5, 10, 30
fb are also shown in both plots.
5 Conclusions
We have proposed a simple U(1)y(Lµ−Lτ )+x(B3−L3) extension of the SM with favorable cou-
plings to heavy flavors to explain the B-meson anomalies. The model requires at least two
right-handed neutrinos to cancel the gauge anomalies and gives rise to predictive forms of
quark and lepton mass matrices. We have shown that for a small mixing of B3 − L3 in
our U(1)′, the observed values of RK and RK∗ are consistently accommodated, satisfying
bounds from other meson decays/mixings, tau decays, neutrino scattering and electroweak
precision data as well as LHC dimuon searches.
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